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Abstract A cortical band of fiber cells originate de
novo in tendrils of redvine [Brunnichia ovata (Walt.)
Shiners] when these convert from straight, supple
young filaments to stiffened coiled structures in
response to touch stimulation. We have analyzed the
cell walls of these fibers by in situ localization tech-
niques to determine their composition and possible
role(s) in the coiling process. The fiber cell wall con-
sists of a primary cell wall and two lignified secondary
wall layers (S; and S,) and a less lignified gelatinous
(G) layer proximal to the plasmalemma. Composition-
ally, the fibers are sharply distinct from surrounding
parenchyma as determined by antibody and affinity
probes. The fiber cell walls are highly enriched in cellu-
lose, callose and xylan but contain no homogalacturonan,
either esterified or de-esterified. Rhamnogalacturonan-I
(RG-I) epitopes are not detected in the S layers,
although they are in both the gelatinous layer and pri-
mary wall, indicating a further restriction of RG-I in
the fiber cells. Lignin is concentrated in the secondary
wall layers of the fiber and the compound middle
lamellae/primary cell wall but is absent from the gelati-
nous layer. Our observations indicate that these fibers
play a central role in tendril function, not only in stabi-
lizing its final shape after coiling but also generating
the tensile strength responsible for the coiling. This
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theory is further substantiated by the absence of gelati-
nous layers in the fibers of the rare tendrils that fail to
coil. These data indicate that gelatinous-type fibers are
responsible for the coiling of redvine tendrils and a
number of other tendrils and vines.
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Abbreviations

S Secondary

G Gelatinous

TEM Transmission electron microscopy
CMF  Cellulose microfibril

RG-I Rhamnogalacturonan-I

HG Homogalacturonan
PGA Polygalacturonic acid

Introduction

The coiling of tendrils has long fascinated botanists and
Darwin devoted a whole monograph to the coiling and
twining behavior of vines and tendrils (Darwin 1875).
When a tendril touches an object, it rapidly wraps
around the object, securely attaching to it as a support
and guying the vine close to the object (Jaffe and Gal-
ston 1969). In this process, the tendril goes from a sup-
ple straight organ to one that is relatively rigid and
coiled. How the vine senses the touch and how the ten-
dril moves to coil around the support remain active
areas of research in plant biology. The most compre-
hensive physiological studies center on the leaflet ten-
drils of pea (reviewed by Jaffe and Galston 1969; Jaffe
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1980) and conclude that tendrils are touch-sensitive
organs that respond to the touch by elongating on the
side away from the touch and contracting on the side
nearest the touch. This asymmetric growth pattern
results in a net coiling of the organ around the touched
surface. Pea is a leaflet tendril, however, and its growth
pattern might not be typical of those tendrils that are
shoot or whole-leaf tendrils. Moreover, from our stud-
ies (C.G. Meloche and K.C. Vaughn, submitted), we
suggest that the differential elongation theory for the
winding behavior of tendrils does not explain all cases
of how tendrils develop or function at maturity.

In a companion study (C.G. Meloche and K.C. Vau-
ghn, submitted), we have observed that the tendril
leaves of redvine [Brunnichia ovata (Walt.) Shiners]
attain their maximal length before they begin to coil. A
band of unique, presumably gelatinous, fiber cells
appears de novo as the tendril converts from straight to
highly coiled, actually shortening and thickening the
tendril. Gelatinous-type fibers are widespread in the
xylem of angiosperms, notably in reaction wood
(White and Robards 1965; Fisher and Tomlinson
2002), but as far as we are aware there is no previous
report of extraxylary gelatinous fibers, although other
fibers are common constituents of non-woody stems
(Esau 1977; Zhong et al. 2001; Goujon et al. 2003). We
have proposed that these fiber cells may be a causative
agent in allowing the tendril to coil and also rigidifying
the tendril into its final position, acting like the gelati-
nous fibers in righting branches of trees (White and
Robards 1965; Yoshizawa et al. 2000).

In this study, we report the distribution of the major
constituents of the presumptive gelatinous fiber cell
walls of redvine tendrils. The composition and organi-
zation of these cells is unique from anything we have
observed in herbaceous plants.

Materials and methods
Plant material

Plants of redvine [B. ovata (Walt.) Shiners] were grown
either from seed or from rhizome pieces in a 1:1 mix-
ture of native Dundee loam and a potting mix consist-
ing of ground pine bark, peat and perlite (2:2:1). Leaf
tendrils of redvine were collected both in the elongated
but not coiled state and after coiling had commenced.
In some cases, tendrils were tracked from their incep-
tion and fixed at 3, 4 and 5 days from inception, which
represent the states prior to and during potential coil-
ing. Another group of tendrils that had elongated but
failed to coil even after 2 months, were also examined.
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In all cases described herein, the organ sampled is a
tendril leaf, although there is also a portion of the ten-
dril that is a stem as well.

Microscopy

For standard electron microscopy, small tendril seg-
ments were cut in drops of 6% (v/v) glutaraldehyde in
PIPES buffer (pH 7.4) and transferred to scintillation
vials containing the same solution for 2 h at room tem-
perature. After two, 15 min washes with 0.1 M sodium
cacodylate (pH 7.2), the samples were post-fixed in 2%
(w/v) osmium tetroxide in cacodylate buffer for an
additional 2 h. After two water rinses, the samples
were stained en bloc with 2% uranyl acetate for 18 h at
4°C. The samples were then washed with water, dehy-
drated in acetone and transferred into propylene
oxide. Embedding was carried out by adding 25% (v/v)
increments of a 1:1 mixture of Spurr’s and epon resins
and using half of the catalyst used in the standard
Spurr’s plastic recipe in 2 h increments up to 75% (v/v)
plastic. The remaining 25% (v/v) propylene oxide was
allowed to evaporate slowly by placing aluminum foil
lids with small holes on top of the vials, so that the
increase to 100% resin occurred slowly overnight. New
resin was added to these samples and the tubes were
shaken on a rocker for 24 h prior to polymerization.
Specimens were flat-embedded in BEEM flat embed-
ding molds for 24 h at 58°C in a vacuum oven. Before
sectioning, the samples were cut from the blocks with a
jeweler’s saw and mounted on acrylic stubs to obtain
tendrils with cross and longitudinal orientations as
needed. Blocks were cut with a Reichert Ultracut
ultramicrotome at ~100 nm and mounted on 300-mesh
copper grids. Specimens were observed at 60 kV using
a Zeiss EM 10CR electron microscope.

Immunocytochemistry

For light microscopic immunocytochemistry, samples
were fixed in 3% (v/v) glutaraldehyde in 0.05 M PIPES
buffer (pH 7.4) for 2 h at room temperature. After two,
4°C PIPES buffer washes, the samples were dehy-
drated through ethanol at 4°C and transferred to
—20°C. Samples were embedded in LR White resin, by
increasing the increments of plastic by 25% each day,
with two final exchanges of 100% resin. The vials were
then returned to room temperature and shaken on a
rocker for 24 h. Samples were cured in BEEM capsules
in a vacuum oven. At 50°C, polymerization took place
in ~2—4 h under these conditions.

Samples were sectioned at 0.35 pm and dried down
to slides coated with chrome-alum on a warming tray.
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Sections were placed inside a circle made by a wax pen-
cil that formed a well for the subsequent solutions.
Slides were then processed as follows: 1% (w/v) bovine
serum albumin (BSA) in phosphate-buffered saline
(PBS), 30 min; primary antibody (neat to 1:80), 4 h;
four exchanges of PBS-BSA, 10 min total; secondary
antibody-colloidal-gold (15 nm, prepared by EY Labo-
ratories), 30 min; three rinses with distilled water;
Amersham InstenSE silver intensification kit for
microscopy, 15-30 min. The sections were then washed
in water, dried and mounted in Permount. Sections
were photographed with a Zeiss Axiophot microscope.

For TEM immunocytochemistry, two protocols
were followed. One used sections from epoxy resin
blocks prepared as described for electron microscopy
(above) but the material was mounted on 300-mesh
gold grids rather than copper. The other protocol used
the same processing steps as described for light immu-
nocytochemistry except that the samples were cut at
100 nm and mounted on 300-mesh gold grids rather
than on slides. For both sorts of processing, the sam-
ples were handled as described above for light immu-
nocytochemistry except that the samples were floated
on 4 pl drops of solutions and no silver intensification
step was utilized. Prior to examination, the samples
were post-stained with 2% uranyl acetate (2 min) and
Reynold’s lead citrate (30s). Immunogold label was
counted manually and the density of gold label deter-
mined as described previously (Sabba et al. 1999; Vau-
ghn 2006) and expressed as gold particles/um? of wall.
Some grids were treated prior to immunogold process-
ing, by floating on drops of 0.5 M sodium carbonate for
1 h prior to immunogold labeling to de-esterify esteri-
fied PG As. These sections were washed with water and
then processed as for other immunogold samples.

Cytochemical stains
Lignin stains

Lignin was visualized by its reaction with potassium
permanganate, either as an en bloc treatment prior to
embedding or as post stain on the embedded material.

Pre-embedding lignin stain

Samples were stained in 1% potassium permanganate
for 1 h at room temperature (Hepler et al. 1970; Donald-
son 2001). The samples were washed extensively so that
the rinsates were free of purple stain and then the sam-
ples were processed as described above for standard
electron microscope processing (above) except that the
samples were not post-stained prior to examination.

Post-embedding lignin stain

Samples prepared for electron microcopy were cut and
placed on 300-mesh gold grids and the grids floated on
drops of 1% potassium permanganate in 0.1% sodium
citrate for 5-7min (He etal. 2002). Samples were
examined without further staining.

Cellulose-binding probe

Material embedded as described for light microscopic
immunocytochemistry (above) was sectioned at
~100 nm and mounted on gold grids. The samples
were then incubated on drops of the following solu-
tions and times, modified from the McCartney et al.
(2004) protocol: 1% (w/v) BSA in PBS, 30 min; 1 pg/ml
polyhistidine-tagged CBM3a cellulose-binding carbo-
hydrate-binding module (CBM) in PBS/BSA, 4h;
PBS/BSA, 4 drops, 10 min total; mouse anti poly-his
monoclonal (Sigma), diluted 1:80 in PBS/BSA, 1h; 4
drops, PBS/BSA, 10 min total; goat anti-mouse IgG
and M labeled with 15 nm gold (EY Labs), diluted 1:20
in PBS/BSA, 1 h; 4 drops PBS, over 10 min. The grids
were then washed in water, dried and then post-stained
with uranyl acetate (2 min) and Reynold’s lead citrate
(30 s) before observation.

Antibodies and controls

Many of the antibodies used in this study are ones that
have been used previously by us and are well charac-
terized (e.g., Vaughn etal. 1996; Sabba et al. 1999;
Vaughn 2003, 2006; Ligrone et al. 2002). Of the anti-
bodies not previously reported from this laboratory,
the two anti-xylan monoclonal antibodies, LM10 and
LM11, bind to low substituted xylan and LM11 binds in
addition to arabinoxylan (McCartney et al. 2005). Con-
trol experiments consisted of no primary antibody or
primary antibody or probe that has been reacted with
an appropriate substrate (e.g., pachyman for the cal-
lose antibodies). All of these control experiments gave
label densities >0.3 gold particles/um?. For details and
references for all probes used see Table 1.

Results

Composition and organization of the polysaccharides
within the fibers: light immunogold-silver analysis

We analyzed the composition of the fiber cells from

coiled tendril segments by probing semi-thin sections
of LR White-embedded material with antibodies to
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Table 1 Antibodies

and

probes used for characteriza-

tion of fiber cell walls

Antibody/probe

Antigens/epitopes

Reference/source

Xyloglucans
CCRCM1
Xyloglucan polyclonal

Pectins

JIMS

JIM7

CCRCM2

LMS

LM6

PGA polyclonal

Callose
Callose monoclonal
Callose polyclonal

Extensins
LM1
JIM11
JIM12

Xylans
LM10
LM11

Fucosylated xyloglucans
Xyloglucans

HG

HG

RG-I
1—4-galactan/RG-1
1—5-arabinan/RG-1
De-esterified HG

Callose (pachyman)
Callose (pachyman)

Freshour et al. (1996)
Moore et al. (1986)

Clausen et al. (2003)
Clausen et al. (2003)
Puhlman et al. (1994)
Jones et al. (1997)
Willats et al. (1998)
Moore et al. (1986)

Meikle et al. (1991)
Northcote et al. (1989)

AGPs

AGP monoclonal
CCRCM-7

LM2

Cellulose
CBM3a

Extensin Smallwood et al. (1995)
Extensin Smallwood et al. (1994)
Extensin Smallwood et al. (1994)
Xylan McCartney et al. (2005)
Xylan/arabinoxylan McCartney et al. (2005)
AGPs Anderson et al. (1984)
AGP, RG-I Puhlman et al. (1994)
AGP Smallwood et al. (1994)

Cellulose-binding probe McCartney et al. (2004)

cell wall components (Fig. 1; Table 1) and visualized
these reactions with immunogold and subsequent silver
intensification. The strong black silver depositions
present at the sites of immunological reactivity give an
unequivocal localization of each of these components
and provide a semi-quantitative estimation of their dis-
tribution (Table 2).

Sections stained with Toluidine blue show the
arrangement of epidermis, cortical parenchyma and
fibers in the tendril cross-section (Fig. 1a). A serial sec-
tion labeled with the JIMS a monoclonal antibody that
recognizes primarily de-esterified homogalacturonan
(HG) monoclonal shows a much different pattern how-
ever, with the fiber layer being relatively unlabeled
compared to the epidermis and cortical tissue (Fig. 1b).
JIMS reaction is restricted to the middle lamellae in the
band of fiber cells. Other antibodies to HG (JIM7 and
a PGA polyclonal antibody) react with either the mid-
dle lamella (PGA) or weakly with the primary walls
but not elsewhere in the fiber cells (JIM7), leaving the
secondary walls of the fibers in negative relief (not
shown; Table 2). LM5 and LM6 recognize the (1—4)-
galactan and (1—5)-arabinan side groups of rhamno-
galacturonan-I (RG-I), respectively, and these antibodies
did not label the S; or S, layers of the fiber, but did
label the presumed gelatinous layer and material that
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was probably part of the primary wall at the middle
lamellae interface (Fig. 1d, e). The labeling with these
antibodies between adjacent fiber cells was more
intense than the labeling between cells in other tissues
of the redvine tendril. CCRCM2 that also recognizes a
RG-I epitope showed a similar distribution of label
(Table 2). In contrast to the labeling pattern of the HG
and RG-I antibodies, antibodies to xyloglucans labeled
both fiber and non-fiber cells (e.g., Fig. 1c).

Callose antibodies also label the fiber cells, although
the pattern of label on these cells is more diffuse than
noted with the anti-xyloglucan (not shown). A similar
sort of diffuse localization was noted using any of three
different extensin monoclonal antibodies, alone or
together. However, both the callose and extensin anti-
bodies labeled the fiber cells, much more so (callose)
or exclusively (extensin) than the surrounding paren-
chyma cells (Table 2). Antibodies to glycan compo-
nents of arabinogalactan-proteins  (Australian
monoclonal, LM2, JIM8 and CCRCM?7) did react with
the fiber cells, but generally only at the plasma mem-
brane or occasionally with the middle lamella/wall
interface (not shown).

The strongest labeling specific to the fiber cells
occurred with two anti-xylan antibodies LM10 and
LMT11. Both of these antibodies strongly reacted with
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Fig. 1 Light microscopy (A) and immunogold-silver (B-F) of
coiled redvine tendrils. a Light microscopic section serial to that
used for the immunogold-silver analysis. Note the thick band of
fiber cells (gf) adjacent to the cortical cells (¢). b Section immuno-
labeled with JIMS (highly de-esterified pectin) reveals no label on
the fiber cells (gf) per se (weak label on middle lamellae) but
strong label on cortical and epidermal cells (e). ¢ Region of fiber
cells (gf) and adjacent cortical cells labeled with anti-fucosylated

xyloglucan antibodies. Note strong label on fiber cells (f). d and e
Label with LMS5 (d) and LM6 (e) that label side chains on RG-I
reveal a similar pattern of labeling. The secondary layers of wall
(w) in the fiber cells are not labeled but the inner layer of the fiber
(arrowheads in d) and a small layer near cell corners and along
the primary wall are strongly labeled. f Strong label on fiber cells
(gf) and xylem elements (x) with the LM11 antibody that recog-
nizes xylans. Bars = 100 pm
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Table 2 Light microscopic immunogold-silver localization of
polysaccharide and glycoproteins in fibers and other cells of red-
vine tendrils

Antibody Fiber Parenchyma Other
Xyloglucans

CCRCM-1 ++ + Vascular
Xyloglucan poly ++ + Vascular
Pectins

JIMS5 — + ML?
JIM7 — +

CCRCM2 - +

LM5 +° +

LM6 +° +

Pectin polyclonal — + ML?
Callose

Monoclonal + — PD¢
Polyclonal + - PD¢
Extensin

LM1 + -

JIM11 + -

JIM20 + -

Xylan

LM10 ++ — Xylem
LM11 ++ - Xylem
AGPs

CCRCM7 + +

LM2 + +

Monoclonal + +

++ indicates strong reaction, + indicates average reaction, — indi-
cates no reaction

4 Middle lamellae

® Only in gelatinous layer and pre-existing primary wall. Strong
reaction between cells

¢ Plasmodesmata

the fiber cells and the secondary walls in xylem ele-
ments (Figs. 1f, 2). These antibodies provided a reli-
able and strong marker for the appearance of these
fibers. Three-day-old tendrils, prior to any coiling,
reacted only in the xylem elements (Fig.2a). When
tendrils were examined in the process of coiling,
fibers were formed and LM10 and LMI11 epitopes
were present as soon as indications of secondary wall
formation in the fiber cells were noted. Four days
after emergence of the tendril, the fibers have just
begun to form. These appear to be forming at the
edge of the cortical band of tissue and progress
inward toward the vascular tissue (Fig. 2b). By day 5,
the fiber cells had fully formed and were strongly
labeled with either the LM10 or LM11 antibodies
(Fig. 2c¢).

In addition to the differences in LM10 and LM11
labeling of the immature fibers, there were also differ-
ences in the distribution of LMS5, LM6 and callose epi-
topes (not shown). In the 4-day-old tendrils, LM5 and
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Fig. 2 Labeling of day 3 uncoiled (a), day 4 uncoiled (b) and day
5 coiled (¢) tendrils with the LM10 antibody. In day 3 tendrils that
are not coiled, the only labeling observed is associated with the
secondary walls of xylem elements (arrowheads). In the 4-day-old
tendrils, the band of fibers (f) is beginning to be formed and is la-
beled lightly with the LM10 antibody as well as the xylem ele-
ments (arrowheads). In 5-day-old tendrils, the label is strong
throughout the band of fiber cells (gf). The xylem elements (rwo
marked with arrowheads) are also labeled. Bar = 100 pm

LMB6 epitopes were found throughout the parenchyma
cell walls whereas in the fiber cells these epitopes were
only observed in old primary wall/middle lamellae
interface, indicating that the G layer had not yet
formed. Although callose was detected in mature
fibers, it was not observed at the light level in the 4- or
5-day-old fiber cells.

Although the composition of fiber cell walls was
atypical, the labeling pattern of the parenchyma and
vascular tissues in the tendril were much as expected
for primary dicotyledonous plant cell walls (Table 2),
indicating that in the twining tendril, the fibers are the
previously undocumented cell type.
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Fig. 3 Immuno- and affinity-localizations of polysaccharides in
fiber cells. a Polyclonal anti-xyloglucan labels all of the fiber lay-
ers. b Monoclonal anti-callose labels S layers but not compound
middle lamellae/primary wall nor the G layer. ¢ Polyclonal anti-

Immunogold TEM localization

Using TEM immunogold, we determined the patterns
of cell wall labeling indicated by the light immunogold-
silver localizations (above) in more detail. In some
antibody localizations, we were able to use sections
that had been prepared for traditional electron micros-
copy, whereas for other antibodies, un-osmicated tis-
sues embedded in LR White resin were used.

The xyloglucan polyclonal (Fig. 3a) and the CCRCM-
1 antibodies (not shown) labeled all of the layers in the
fiber, including the compressed primary wall and mid-
dle lamellae, with a relatively even distribution.

-

- -““_:_.,-_‘q-- S~ e S =

PGA after sodium carbonate treatment reveals staining only in
the middle lamellae/primary wall complex and the primary walls
of adjacent parenchyma cells (asterisk). d Cellulose-binding
probe labels all of the layers of the fiber. Bars = 0.5 um

Although in fiber cells, xyloglucans are generally
replaced by xylans, these cells are strongly labeled with
two different antibodies. Perhaps the rapid synthesis of
secondary walls has made these cell walls more flexible
in the use of other polysaccharides in secondary cell
wall assembly.

Callose antibodies gave a diffuse localization over
the fiber cells using immunogold-silver (discussion
above) and on the TEM level this same sort of diffuse
and uneven reaction was noted. Callose occurred
throughout the fiber cells, sometimes in clumps in less
electron opaque areas of the wall, although the amount
of label in the gelatinous layer was much less than in
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Table 3 Quantification of im-

munogold and affinity-gold
labeling in fiber cells of red-
vine tendrils

Data are from 18 or more

Antibodies

Labeling density
(gold particles/um?) + SE

Xyloglucans
CCRCM-1
Xyloglucan polyclonal

Pectins

JIM52

JIM72
CCRCM-2°

LM5P

LM6®

Pectin polyclonal®

: : Callose
micrographs. Collection and Monoclonal®
prqcessing of data were as de- Polyclonal®
scribed by Sabba et al. (1999) )
and Vaughn (2006) Extensin
a . . LM1¢

Does not include reaction in
middle lamellae Xylans
b Reaction specific to the LMI10

. LM11
gelatinous layer
Cellulose

¢ Reaction found only in the

S, and S, layers CBM3a cellulose-binding probe

97+ 6
114 £ 8

02+0.2
3+1
18+4
39+4
27+ 4
2+1

47 £ 17
51422

1143

209 £ 39
72+ 17

127 £ 22

the S; or S,. A mid-range level of labeling is noted in
the fiber cell shown in Fig. 3b. Because both polyclonal
and monoclonal antibodies exhibited these reactions,
we can eliminate possibilities of artifactual localiza-
tions. The amount of label on any given fiber cell var-
ied tremendously from fiber to fiber, with values as low
as 7 gold particles/um?> up to 72 gold particles/um?,
even when fiber cells in the same hole on the TEM
grids are compared (Table 3). Plasmodesmal collars of
both the fiber cells and the surrounding parenchyma
cells were strongly labeled as well, although other
areas of the wall were not in the parenchyma cells.
Moreover, pre-incubation of the callose monoclonal or
polyclonal antibodies with pachyman (a 1—3-glycan
that was used in the initial antigen in eliciting antibod-
ies) resulted in no subsequent section labeling.

The cellulose probe labeled throughout the layers of
the fiber and at relatively high levels of labeling
(Fig. 3d; Table 3). Some label was observed at the mid-
dle lamella/primary wall, presumably due to reactions
with old primary wall and/or non-specific reactions
with pectins. The cellulose-binding probe showed more
background reactions (~3-4 gold particles/um? on
acellular areas of the plastic) than the antibody probes
on non-cellular structures but was superior to cellulase-
gold probes previously used in our laboratory (e.g.,
Sabba et al. 1999).

Analysis of HGs confirmed and extended observa-
tions made at the light microscopic level. JIMS and the
PGA polyclonal antibody epitopes were confined to
the middle lamella and, even after the sections had
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been treated overnight in sodium carbonate to de-
esterify all the residues, no reaction was noted over any
of the fiber cell secondary wall layers (Fig. 3c). Adja-
cent parenchyma cells did react both in the primary
wall (after de-esterification) and in the middle lamella
(either untreated or after de-esterification), however.
Similarly, labeling with JIM7 that can recognizes more
highly esterified HG, did not label fiber cells, with the
exception of some weak binding at the middle lamel-
lae/primary wall (not shown).

Both LMS5 (Fig. 4a) and LM6 (Fig. 4b) antibodies
strongly labeled an inner cell wall band in the light sec-
tions and we observe this same labeling pattern at the
TEM level. Although detachment of the gelatinous
layers is considered an artifact of preparation (Clair
et al. 2005), we did observe that, toward the cut ends of
samples, detached gelatinous layers that were well
labeled with the LMS5 or LM6 antibodies (not shown)
as a further indication that only the gelatinous layer
was labeled. In addition to the label in the gelatinous
layer, both LM5 and LM6 antibodies labeled a zone of
cell wall adjacent to but not including the middle
lamella (Fig. 6a), which probably represents an area of
the primary wall that is generally unresolved in the
compound middle lamellae/primary wall complex by
standard post-staining protocols.

As might be expected, anti-xylan LM10 (Fig. 6¢) and
LM11 (not shown) gave a very strong labeling of the
fiber cells and xylem elements and the labeling was
clearly restricted to those cells or an occasional neigh-
boring cell that had begun to thicken. Labeling with
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Fig. 4 Immunogold localizations in fiber cells. a Anti-galactan
side chain antibody LMS5 reacts with the gelatinous (g) layer and
a layer of wall, presumably primary wall (p) that borders the mid-
dle lamellae (m!/). b The gelatinous layer (g) is strongly labeled

LM10 was more uniform across the tissue than LM11,
which appeared in intense pockets throughout the
fibers. Because LM10 labels more highly substituted
xylans, this might indicate a unique organization of the
xylans in the gelatinous fibers. A similar level of label-
ing was noted on xylem elements found in these same
sections, although the LM11 was more uniform (not
shown).

Probing of uncoiled 4-day-old tendrils reveal the
appearance of LM10 and LM11 epitopes in the newly
formed S, layer, although at much lower levels than in
the more mature fibers or in adjacent xylem elements
(not shown). LM5 and LM6 epitopes were restricted to
the middle lamella/primary wall interface, indicating
that the G layer had not formed at this time, prior to
any coiling. Callose, although widespread at later
stages in the S; and S, layers in mature fibers, was pres-
ent only in plasmodesmata collars in the immature
fibers (not shown).

with anti-arabinan side chain antibody LM6. ¢ Anti-xylan LM10
labeling is intense throughout the fiber cell but does not label pri-
mary walls of adjacent parenchyma or its own primary wall.
Bars = 0.5 um in (a and ¢), 0.2 pm in (b)

Quantification of immunogold labeling at the TEM
level confirms the qualitative evaluation at the light
microscopic level as well (Table 3). Only data for fibers
is included here. Although callose labeling was highly
variable (Table 3), results with the other antibodies
and probes was quite consistent, generally with a stan-
dard error of less than 10%.

Lignin cytochemistry

Lignin, as revealed by pre- or post-embedding perman-
ganate stains, was not found in every fiber cell, espe-
cially in those tendrils where coiling had just
commenced, indicating that lignification is one of the
latter steps in the differentiation of the cortical fiber
cells (Fig. 5a). Lignin staining appeared to be more
consistent and strongest on the side nearest the
touched surface on the coiled tendril. Within the fiber
cell, strong reaction is noted in the middle lamella/
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Fig. S Permanganate staining

for lignin. a A low magnifica- a g
tion micrograph through a

tendril that is early in the coil-

ing process containing both

lignified (/f) and un-lignified L\g‘
(uf) fiber cells. No reaction is ' ”
noted in parenchymatous (p)
cells. b Apparent alternation
of cellulose microfibril orien-
tation in adjacent fiber cells.
In these two cells the lignin
staining reveals that the CMF
in the S, layers of the two cells
are oriented perpendicular to
each other (arrows indicate
direction of CMF orienta-
tion). ¢ Two adjacent cells u'
fiber stained for lignin reveals

strong staining of the primary

wall/middle lamellae complex

(ml) and the S, layer but L C

weaker staining in the S, and B

almost none toward the Y
I‘R

periphery of the cell, including
the gelatinous layer.
Bars =1.0 ymin (a), 0.2 pmin
(b) and 0.5 um in (c)

primary wall and in the S layers of the fiber, with rela-
tively little in the gelatinous layer. Interestingly, the lig-
nin staining protocols allow for a good visualization of
the orientation of cellulose microfibrils as they stand
out in negative relief (Fig. 5b). Adjacent fiber cells in
twisted tendrils appear to have cellulose microfibrils in
different orientations, often perpendicular to each
other (Fig. 5b). Strong reactions for lignin in the mid-
dle lamellae/primary wall and S layers and a lack of
reaction in the G layer are also noted in gelatinous
fibers of many other species (Donaldson 2001).

When nascent uncoiled fibers (from tendrils 4 days
after emergence) are monitored with the lignin stains,
the S, layer is the only one present, but in these sec-
tions the orientation of the cellulose microfibrils
appears to be identical in all fiber cells. Thus, the
apparent random orientation of the cellulose microfi-
brils observed in coiled tendrils is probably the result

@ Springer

of the twisting of the segments. This could occur
because of the true twisting of the cells (or even layers
within the wall) or the variety of orientations of the
cells in a cross-section cut across a highly coiled struc-
ture.

Tendrils that fail to coil

Generally redvine tendrils follow two modes of coiling
(C.G. Meloche and K.C. Vaughn, submitted). Tendrils
that have been touch-stimulated coil about the touched
object, guying the stem close to the support. Tendrils
that fail to touch an object, form what is termed a free
coil, with the tendril coiled along half its length in one
direction and half its length in the other. Although most
redvine tendrils do one of these two functions, a minor-
ity (~1%) of tendrils remain uncoiled even as long as
2 months after appearance (unpublished; C.G. Meloche
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Fig. 6 Immunocytochemistry of tendrils that failed to coil. a Af-
ter LM10 labeling of sections, a layer of fibers is revealed and
strong xylem labeling is noted. b Labeling with LM6 antibodies to
an arabinan side chain of RG-I reveals labeling of the primary
walls of all cells and additional labeling around the cell-cell junc-
tions in between adjacent fiber cells. However, unlike fibers in
tendrils that coil (Fig. 1d, e), there is no internal layer of labeling
in these cells, even after over-exposure of the sections to primary
antibody. Bars = 100 pm

and K.C. Vaughn, submitted). When these tendrils are
monitored by light microscopy, a layer of fibers is pres-
ent, but it is much less developed than in coiled tendrils
(not shown). Generally only 1-2 cell layers of fibers cells
are formed compared to the 5-6 layers in coiled tendrils.
In many ways, these are similar to the immature, 4-day-
old tendrils described above.

Compositionally these fiber cells are also distinct
from those in the coiled tendrils. The fibers do react
strongly with antibodies to the xylans LM10 and
LMI11 (e.g., Fig. 6a), much as do fibers from coiled
tendrils. However, the antibodies to RG-I side chains,
such as LMS5 and LM6, react only with the primary
wall/middle lamellae complex, no internal layer con-
taining these components is present (Fig. 6b). Thus,
even though the straight tendrils produce fibers they
do not produce gelatinous fibers even after 2 months
of emergence.

Discussion

Fiber cells in redvine have a unique cell wall composi-
tion and organization and are similar to gelatinous
fibers

In this and in a complementary study (C.G. Meloche
and K.C. Vaughn, submitted), we have shown that the
coiling of redvine tendrils occurs coincidently with the
development of a gelatinous-type fiber (Fig. 2). More-
over, these fibers appear to be critical players in allow-
ing the tendrils to coil. The rare tendrils that fail to coil
also fail to produce a gelatinous layer (Fig.6) and
fibers in 4-day-old tendrils that are still straight, have
yet to develop a gelatinous layer (Fig. 4b). Thus, fibers
alone are not sufficient to produce a coiled tendril but
only those with a true gelatinous layer.

Although gelatinous fibers have been rarely
reported outside woody tissue (White and Robards
1965; Yoshizawa et al. 2000; Tomlinson 2003, although
see discussions in Lev-Yadun et al. 2005), the observa-
tions described herein strongly support the idea that
redvine tendril fibers are indeed gelatinous (or at the
very least display the inner layer with a different com-
position than the S layers similar to gelatinous fibers).
First, the redvine tendril fiber cell wall consists of three
distinct layers: the primary wall/middle lamella com-
plex and a secondary (S) wall layers consisting of two
secondary layers and an inner gelatinous (G) layer.
The G layer is enriched in RG-I epitopes (labeling with
CCRCM2, LM5 and LLM6) and impoverished in lignin
(lack of permanganate staining) compared to the sec-
ondary wall (S) layers. Thus, in terms of structure,
composition and position, fibers in redvine tendrils are
similar to G fibers in other tissues (Wardrop and Dad-
swell 1955; White and Robards 1965; Tomlinson 2003;
Donaldson 2001). A distinctive characteristic of G
fibers, also observed in redvine tendril fibers, is the
artifactual detachment of the G layer when specimens
are prepared for microscopy (Clair et al. 2005; C.G.
Meloche and K.C. Vaughn, submitted), further
strengthening our analyses that the redvine tendril
fibers are properly classified as G fibers.

Areas of the primary wall and the middle lamellae
appear to have pectin constituents and organization
typical of primary cell walls, although other cell wall
layers do not. In the redvine tendril fibers, we see a
similar exclusion of both HG and RG-I from the bulk
of the secondary cell wall. An exception occurs in the
G layer, however, which is strongly labeled with three
different antibodies that recognize RG-I (Table 3),
although even this layer is unlabeled with antibodies
recognizing HG. An especially strong labeling of the

@ Springer



Planta

LMS5 and LM6 epitopes occurs at the cell corners
between adjacent fiber cells. An increase of pectins at
these sites might facilitate the adhesion between adja-
cent fiber cells so that the fibers act in a more concerted
way in causing the coiling or perhaps cushion the cells
from the strain of the coiling. The presence of HGs at
these sites would also facilitate the cushioning and
adhesion.

A model for fiber control of redvine tendril coiling

Although a complete understanding of how gelatinous
fibers actually generate the force to cause the twisting
of the redvine is tendril is unknown, some of the simi-
larities between those in redvine tendrils and those in
tension wood (tissues where such fibers are believed to
be the principal factors in causing tree righting) may
provide some clues as to how the coiling force is gener-
ated. Studies on G fibers in tension wood emphasize
the compositional differences between the gelatinous
and S layers as a primary agent in causing the fibers to
exert a macroscopic bending of the tissue (Clair et al.
2005; Prodhan etal. 1995; Yammamoto 2004). The
high degree of crystallinity of the cellulose and the ori-
entation of the microfibrils parallel to the long axis of
the cell are unique aspects of the G layer (Wardrop
and Dadswell 1955). These differences in chemical
composition and structure allow for a relatively high
amount of moisture accumulation and subsequent
shrinkage in the G layer and relatively less in the S lay-
ers. This would tend to cause a net contraction of the
cell, with the outer layers contracting in response to
shrinkage or extension of the internal layers, creating
high degrees of tension (Yammamoto 2004). The mac-
roscopic manifestation of cell wall layer is a twisting to
the tendril. Lignin might have a role beyond simply
rigidifying the tissue as well. Boyd (1973) speculated
that the heavy lignification of the S layers of the gelati-
nous fibers might contribute to a form of helical check-
ing, so that although the G layer can exert a force on
the S layers, they do not result in the complete twisting
of the fiber cell, but rather an incremental net move-
ment of the tissue as a whole. Lignin may have another
role in actually causing the difference in water content
between the layers as lignin could displace water in the
S layers, making the hydration potential of the S layers
even more different than the G layer. In the case of the
redvine tendrils, the fibers exist as a cylinder of tissue
with the lignin distributed preferentially nearest the
touched surface. This would ensure a greater ability to
twist on the outer surface than the inner, much as
required for the net movement of the tendril. Other,
more subtle variations in wall composition across the
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cells in the fiber band in the degree, distribution and
timing of lignification (as well as other components
such as callose) might allow for more subtle nuances in
the degree and positioning of the coiling. These
changes might allow for an enhanced flexibility, allow-
ing the tendril tremendous latitude to successfully
twine about objects of diverse size and shape. More-
over, it is well known that G fibers increase the tensile
strength of wood after drying (Clair et al. 2003; Cout-
and et al. 2004). Redvine tendrils dry relatively early
after their emergence (C.G. Meloche and K.C. Vau-
ghn, submitted), so this is another potential advantage
of having G fibers in a structure that dries out rapidly
but are required to support a large mass of tissue.

How exactly does the differential composition of the
cell wall layers in the gelatinous fibers allow for a twist-
ing motion? One of the most severely spirally twisted
cell types in plants occurs in the pseudoelaters of horn-
worts (Renzaglia and Vaughn 2000). As these cells dry,
they form extensive spirals, aiding in spore separation
and dispersal. The mature pseudoelater cells have cell
walls consisting of outer S; and inner S; bands enriched
in xylan (Carafa et al. 2005) between which is inter-
posed a S, lacking xylan and enriched in arabinanoga-
lactans (Kremer et al. 2004). The extreme difference in
composition between these cell wall layers allows for a
differential potential uptake of moisture and a conse-
quent effect on the cell wall as the pseudoelater cells
dry. As one layer dries more rapidly than another, the
cell wall is forced to twist to accommodate the strain,
resulting in coiling. This differential drying forces the
twisting of the pseudoelater much as would a similar
composition difference in the layers of the cell walls of
the fibers in redvine tendrils. Of course the pseudoelat-
ers are free cells whereas the tendril fibers are compact
cylinders surrounded by cortical and parenchyma cells
external to the fiber band and pith parenchyma and
vascular tissue internal to it. Both of these tissues
might mitigate the potential twisting ability of the fiber
cells and the fiber cells don’t really dry although mois-
ture levels between layers could be quite different. We
further speculate that differences in wall composition
from layer to layer in fiber cells might be responsible
for a number of tension and release phenomena in
plants, such as violent seed dispersal in Impatiens and
Geranium species.

How universal is this phenomenon?

Could the changes in the redvine tendril be typical of
not only tendril formation in other plants but also to
vining, in general? It is likely that the process of vining
and more specifically tendril formation arose several
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times evolutionarily as the morphology of tendrils and
the tissues from which they are modified are of several
origins. Redvine tendrils seem to be touch-sensitive on
all surfaces whereas other species have specific areas
that seem to be specifically associated with the ability
to sense touch (Darwin 1875; Jaffe and Galston 1969).
In some ways, the coiling of the redvine tendril and its
ability to perceive touch stimuli is more akin to what
we see in the stems of vines that use twining as their
only mode of climbing. In these tissues, the stem is
sensitive on all surfaces and no specialized cells are
found that sense touch. In accordance, at least one
vine, the moonvine (Ipomoea calantha) has a stem
anatomy that resembles the redvine tendril in the
presence of gelatinous-type fibers and a stem that rigi-
difies after the position of the coiling has been deter-
mined (K.C. Vaughn et al., unpublished observations).
Similarly, Scher et al. (2001) observed an unidentified
type of fiber (subsequently determined by us as gelati-
nous and with a similar composition to the fibers
described herein, K.C. Vaughn and C.G. Meloche,
unpublished) that increased with the vining of mor-
ningglory (Ipomoea spp.) stems. Presently, we are
extending this study to a wide variety of species having
either coiled stems or tendrils to determine if this is a
universal or restricted phenomenon. Thus, what we
are discovering in the redvine might be at least one of
the mechanisms for achieving a twining stem as well as
a coiled tendril.
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